Abstract. Wave parameters were studied in four differently exposed fetch-limited Estonian coastal sea locations: the Harilaid Peninsula facing W-NW, Letipea N-NE, Matsi SW and Kõiguste SE. Based on high-quality measurements of waves with the bottom-mounted Recording Doppler Current Profiler in 2006-2011, a model for significant wave height was calibrated separately for those locations. Using wind forcing data from Estonian coastal meteorological stations, a set of hindcasts was obtained over the period of 1966-2011. The wave heights showed some quasi-periodic cycles with a high stage in 1980-1995, and probably also from 2007; a prevailing overall decrease in the mean wave height; an increase in high wave events at the windward coasts of West Estonia but a decrease at the northern and southeastern coasts. The spatially contrasting results for differently exposed coasts reflect the corresponding variations in local wind, which are probably caused by changes in large-scale atmospheric pressure patterns above Northern Europe and a poleward shift of cyclones' trajectories. Although featuring outstanding calibration results, the long-term wave hindcast may be impacted by possible inhomogeneities in the older wind data.
INTRODUCTION
Data on surface waves and their long-term regimeswave climates -are increasingly needed both in environmental investigations and engineering applications. Wave climate has a strong influence not only on various aspects of human activities but also on the development of seacoasts and on ecological conditions in the coastal zone. According to numerous studies Keevallik 2011; Lehmann et al. 2011) , the wind climate above the Baltic Sea has experienced some seasonally contrasting and important changes over the last 50-100 years. These changes should be somehow reflected in the wave climate.
Continuous wave measurement is a demanding task and no long-term instrumental wave measurements (like the Swedish wave-buoy at Almagrundet in the NE Baltic Proper, see e.g. Broman et al. 2006 ) exist in the Estonian coastal sea. Regular instrumental measurements of waves have just begun in some Estonian ports. However, several modelling studies have addressed the wave climate in the northeastern (NE) section of the Baltic Sea and particularly in the Estonian coastal sea in the last ten years. The Estonian coastal sea is also covered in a few Baltic Sea hindcasts (Jönsson et al. 2002; Tuomi et al. 2011) . Depending on the data source and analysis method, these studies use three principally different approaches, each having its strengths and limitations.
Firstly, T. Soomere introduced the WAve Prediction Model (WAM) (e.g. Komen et al. 1994) for calculating the patterns and statistics of wave properties during extreme weather conditions in the Estonian coastal sea (Soomere 2001 (Soomere , 2003 Soomere et al. 2008) . Later on, an array of long-term calculations and estimates of different spatial aspects of the Baltic Sea wave climate appeared (Räämet et al. 2009; Räämet & Soomere 2010; Soomere & Räämet 2011) . These calculations were forced by 6 × 6 nautical miles (nm) or even coarser gridded geostrophic model winds (from the Swedish Meteorological and Hydrological Institute), by HIRLAM (stands for High Resolution Limited Area Model) or MESAN (Operational Mesoscale Analysis System) winds. The BaltAn65+ re-analysis of meteorological data for the Baltic Sea region are available now for 1965 -2005 (Luhamaa et al. 2011 . Minor shortcomings of this otherwise up-to-date method seem to be a somewhat limited reproduction of local wave properties in a shallow rugged coastal sea, which is generalized by a 3 × 3 nm grid size, and questionable representativeness of gridded large-or medium-scale model winds in local applications. The model winds tend to smooth out some local variations (Keevallik et al. 2010; Räämet & Soomere 2010) .
Secondly, visual observations made at several coastal hydrometeorological stations (Vilsandi, Narva-Jõesuu, Pakri) have recently been digitized (Soomere & Zaitseva 2007; Zaitseva-Pärnaste et al. 2009 , 2011 . Indeed, the obtained time series and statistics, in some cases covering the period from 1954 to 2009, express certain long-term parameters of wave fields. However, the large number of gaps, inexact nature of such measurements and imprint of subjectivity may lower the value of the findings.
Thirdly, locally calibrated wave hindcasts using a semi-empirical wave model were presented for the Harilaid-Vilsandi region in ), Kunda-Letipea for 1966 (Suursaar 2010) and Neugrund (Suursaar et al. 2011 ). Determining the model parameters and an appropriate procedure for the fetch length is usually complicated in such models, since good measurement data are not always available. The calibrations discussed in this article were based on our wave measurements using the Recording Doppler Current Profiler (RDCP) oceanographic complex, which were conducted in different locations in the Estonian coastal sea during a total of about 800 days in [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] . The long-term hindcasts apply the wind data measured at the ground-based weather station nearest to the specific RDCP measurement/wave modelling site. Given the computational cost of the contemporary spectral wave models and extensive problems with the resolution and accuracy of modelled wind speeds over the Baltic Sea, the developed simple technique has presumably its niche in wave science alongside with the WAM and other rather demanding third-generation models. It can be effectively used for express estimates of the present and past wave climates at particular locations.
The objectives of the study are as follows: • to summarize our experience with the locally calibrated wave hindcasts;
• to update the previously published two hindcasts until the end of 2011 and to introduce two new study sites in the Gulf of Riga. One is a southeasterly exposed area at the entrance to Kõiguste Bay and the other lies at the southwesterly exposed Matsi coast (Fig. 1); • to present the details of the calibration procedure and to discuss the strong and weak aspects of the proposed method;
• to discuss the climatological background of the obtained findings in wave properties at differently exposed coasts of Estonia.
MATERIAL AND METHODS

RDCP measurements of waves
The instrument, referred to by different manufactures as, e.g., Acoustic Doppler Current Profiler (ADCP), Doppler Current Meter (DCM), Acoustic Doppler Profiler (ADP) or Acoustic Doppler Velocimeter (ADV), applies the Doppler effect to measure flow velocity. Since obtaining our first measuring complex of this kind in 2003, the RDCP-600 manufactured by Aanderaa Data Instruments, we have recorded high-resolution oceanographic data during twelve campaigns. The primary tasks of these deployments varied from monitoring the influence of dredging in the Port of Muuga, a study on dilution conditions of pulp mill effluents near Kunda, to wave studies near the geomorphically active gravel spit of the Harilaid Peninsula and a study of upwelling-related coastal jets (Suursaar & Aps 2007; Suursaar et al. 2008; Suursaar 2009; 2010) . The RDCP-600 is also equipped with temperature, conductivity, oxygen and turbidity sensors. The high-accuracy quartz-based pressure sensor (resolution 0.001% of full scale) enables the measurement of wave parameters. The first deployments in [2003] [2004] [2005] [2006] were too short for real wave climate studies. Then, a 39-day-long record at the Letipea Peninsula in the autumn of 2006 and a 154-day record off the Harilaid Peninsula in winter 2006/2007 ultimately led to the wave hindcasts Suursaar 2010 ). Since then, wave studies have become one of the most important outcomes of these rather diverse measurements. In this article we also neglect all the other measurements and concentrate on only wave data.
We discuss six mooring locations ( Fig. 1 ) with the actual measuring periods somewhat longer than shown in Table 1 (which only indicates The self-contained upward-looking instrument was deployed at the seabed by divers about 1-3 km off the nearest coast (except for Neugrund). The mooring depth varied between 10 and 15 m. Although shorter recording intervals of 10 or 20 min were used in earlier measurements, the interval was always set to 1 h in the longterm measurements discussed in the current article. One hour is conveniently also the interval for the routinely measured meteorological data used in the wave model calibrations and hindcasts. In the RDCP, significant wave height S ( ), H which is the most commonly used wave parameter, is calculated based on the energy spectrum. It coincides almost exactly with the average height of the 1/3 highest waves for Rayleigh-distributed wave fields and matches well the visually observed 'average wave height'. The instrument also records the maximum wave height (which usually is approximately 1.5 times S ) H and produces several estimations for wave periods. The wave model calibration and the following hindcasts were performed only for S . H
Wind forcing data
For supplying wave models with wind speed and direction, we acquired data from the meteorological stations operated by the Estonian Meteorological and Hydrological Institute (EMHI). For each wave measuring/ modelling site we used the wind data from the closest station as the first choice (Tables 1, 2 ). The Vilsandi station is not only closest (7 km) to the Harilaid Peninsula, but also one of the best Estonian weather stations in terms of reproduction of marine winds (Soomere 2003; Keevallik et al. 2007 ). Situated at the western coast of the Island of Vilsandi, the station has an open location and the highest average wind speed (6.15 m s -1 in 1966-2011; see also Table 2 ) of all the Estonian weather stations.
The Kunda station is closest to the Letipea measuring site, just 10 km west of it (Fig. 1) . For wind measurements, the site is somewhat sheltered by land from southerly directions but the marine wind from northerly sectors 4 + 1966-2011 are properly represented. This is also the main direction for waves and the overall quality of the wind data is considered to be rather good (Keevallik et al. 2007 ).
Another weather station at Narva-Jõesuu is located approximately 80 km from the Letipea site and 18 km from the Sillamäe wave measuring site. However, the station is more sheltered than the Kunda station. Moreover, its location was changed from Narva to NarvaJõesuu in 2000, so the data set is not homogeneous. The Pakri meteorological station is located about 30 km east of the Neugrund mooring site. Opinions about this station, regarding the openness and the adequacy of representation of marine wind properties, are somewhat mixed (Keevallik & Soomere 2009 ). One reason may be the influence of the North Estonian Klint (limestone escarpment). Unfortunately, the position of the station on the Pakri Peninsula has changed three times, most recently in September 2003.
For the Gulf of Riga, we studied wind data from the Kihnu and Virtsu stations (Tables 1, 2 ). Although the Virtsu station is somewhat closer to both wave measuring sites, it is far more sheltered and, unlike the Kihnu station, it does not adequately represent marine winds.
Most of the listed weather stations have been operational for a century or even longer but the digitized wind data have been available since 1966. The completeness of the data sets varies between 98% and 100%. Hardly any values were missing in the database for Kunda, Pakri and Kihnu. At Vilsandi, only 1.6% of the measurements are missing over the period of 1966-2011. For long-term trend analysis, a few missing records in 1990, 1991, 2003 and 2005 were replaced by averages from the seasonal cycle. At Virtsu, besides some smaller gaps, the data for the entire year 1984 are missing and remain in a gap.
Regarding the potential homogeneity issue, three sub-sets of wind data can be distinguished over the study period. [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] were given in the 16-rhumb system (later converted into degrees in the EMHI database), while the directional resolution of the ARMs data was 10° until 2003 and the currently used MILOS-520 weather stations provide 1° resolution output. The 1-h averaged hourly wind data were used in 2003-2011, as they yielded marginally better wave calibration results than the 10-min average data recorded once an hour. In general, the difference between these two wind instrument outputs is very small, especially when compared to the earlier equipment changes.
For statistical purposes we also calculated the u (east-west, positive to the east) and v (north-south, positive to the north) components of the wind velocity vector. Their use enables somewhat different interpretation in addition to the more traditional windrose approach. USACE 1984 USACE , 2002 . In fact, the manuals and handbooks include a wide choice of such equations and procedures with slightly different empirical coefficients and terms, which should take into account different wind conditions, water depths and shallow-water effects. The version for waves in shallow water and for 'intermediate' depth used by us is the same as used by Huttula (1994, eqs (1)- (3)). It probably originates from the SPM 1974 (now hard to access), was reviewed by Bishop et al. (1992) and reads in metric units as follows:
where 0.75
is the wind speed, F (m) is the effective fetch, h (m) is the water depth and g (m s -2 ) is the acceleration due to gravity. The original formulae also include equations for wave period S ( ) T and length. However, no wave periods and lengths are calculated here, because it is not possible to calibrate the model regarding S H and S T at the same time. The RDCP has a cut-off period of about 4 s for our mooring depth and cannot provide proper calibration data for wave periods, i.e. the RDCP and wave models represent somewhat different aspects of the wave spectrum.
This class of semi-empirical equations has been widely used since the 1970s for local wave forecasts and engineering purposes (e.g. Seymour 1977; Samad & Yanful 2005) . As the role of remotely generated waves (swell) is small and the memory time of the wave fields in the Baltic Sea is relatively short (Soomere 2001; Leppäranta & Myrberg 2009 ), this relatively simple method can deliver reasonably good and fast results for its semi-enclosed medium-sized sub-basins. In practical applications, the main problem for such models seems to be wind stress parameterization and the choice of fetch length because of the irregular coastline and rugged bathymetry of a water body. As a rule, a set of fetches is prescribed as the headwind distances from the nearest shores for different wind directions. Specific algorithms are applied to take into account the properties of the basin in a wider wind sector (Massel 1996; USACE 2002) . Our idea was to calibrate the wave model using high-quality wave measurements, so that afterwards the model can act as a 'virtual' extension of the fixed-point measurements both for hindcasts and forecasts. We admit that in doing so, the exact model version did not necessarily have to be the one we used for hindcasts. Instead, the site-dependent calibration procedure became crucially important for the model set-up.
Our first effort was based on hourly Vilsandi wind data and the hourly RDCP calibration data of waves obtained near the Harilaid Peninsula, which yielded the hindcast for 1966-2006 (Table 1 ; ). We calculated a set of slightly different S H time series taking into account different basin depths and angular distributions of fetches, and chose the best combination for further applications. The procedure also included a slight final correction of model results for the highest waves using a simple polynomial to yield a correlation coefficient ( ) r as strong as 0.880, low root means square error (RMSE) and nearly equal average and maximum values of the calculated and measured wave properties.
Starting from the Kunda-Letipea hindcast (Suursaar 2010 ), a new iterative calibration scheme was introduced. It was supposed to find the best set of fetch distributions and other parameters, and in a way, even compensate for local wind impediments. The results and lessons from the procedure are more thoroughly discussed in the following chapter.
RESULTS AND DISCUSSION
Results of model calibrations
Although the calibration also includes a search for the appropriate depth and a certain correction factor could be applied for wind speeds, these options can be compensated for in the process of prescribing fetch length to different wind directions. However, certain initial values should be established. An empirically established wind correction factor ranging between 1.0 and 1.4 was found for stations, but not for the stations which more or less adequately represent 'marine' winds like Vilsandi or Kihnu (Table 2) . Basically the correction could be viewed as the factor by which the long-term average wind speed at these stations is lower than at the corresponding wave measuring location. Considerable damping of marine winds occurs already in the coastal zone (e.g. Launiainen & Laurila 1984; USACE 2002) and continues over the land terrain (see also average wind speeds in Table 2 ). The height of the wind-recording instrument is important in terms of wind measurement quality standards but it is not relevant in the calibration procedure.
The SMB model assumes that the basin has a constant depth. The water depth in the model should thus represent both the depth of the actual mooring (i.e. 1015 m) and the average depth of the sub-basin (37 m in the Gulf of Finland and 26 m in the Gulf of Riga). Increase in the depth also increases wave heights, but slightly more so in high wind speed conditions, whereas the lengthening of fetches influences wave heights more uniformly. Our calibrations included depths between 19 m (Kõiguste) and 33 m (Neugrund).
The most important item, however, was prescribing the fetch for different sectors, which was performed with a step of 20°. After measuring the fetches from nautical charts for a specific location (Fig. 2) , the comparison statistics between the measured and modelled hourly time series were typically not good enough. It was difficult to guess the exact influence of islands, shoals and coastline on waves. Also, the wind forcing is usually far from ideal, which should mean open terrain or full openness to every direction. New distributions of fetches were created by maximizing the correlation coefficient and minimizing the root square error by means of consecutively adjusting the fetch in all 20° wide sectors (Fig. 2) . For example, at Letipea the geographical (measured) fetch distances vary between 1.5 (S, SW) and 140 km (NE). To compensate for the wind impediment of the southerly directions at the Kunda station, the procedure somewhat enhances the fetches from corresponding directions. For calibrating Matsi waves forced with Virtsu winds, westerlies should be enhanced but northerlies and northeasterlies should be reduced (Fig. 2) . The best site-dependently obtained calibration results are summarized in Table 1 and Fig. 3 .
We always tried to have the maximum and average wave heights equal in the modelled and reference series, which usually covered 4060 days of hourly data. The quality of the calibration could not be judged by only r or RMSE but also by the standardized RMSE ( Table 1 ). The latter shows that the prognostic value of the calibration is higher when it covers a broader range of values. For instance, at Sillamäe (C, Table 1), the measurements used in calibration were relatively short and the period did not include strong winds, which are necessary for full range calibration. Therefore, the waves above 1.3 m are probably extrapolations and not so reliable. Also, weak winds usually include considerable local imprint, which does not extend over the longer distance and therefore leads to relatively low values of .
r Relocation of the weather station from Narva to Narva-Jõesuu in 2000 was the final reason, why no long-term forecast was constructed for the Sillamäe wave measurement site.
In general, the distance between modelling and forcing locations is important. The proximity is as good as 710 km in case of A and B, but also 3060 km can deliver acceptable results (Table 1) geneities both in the wind data (Keevallik & Soomere 2009 ) and wave hindcasts (Suursaar et al. 2011) . In pursuit for more distant but homogeneous wind series, the calibration using Ristna wind data (90 km away) and Vilsandi station data (140 km away) yielded poor results with 61 r = and 51, r = respectively (Table 1) . We can assume that data from neither of the Finnish stations of Hanko (70 km) or Utö (140 km) would help us out. It is interesting to note that the calibration quality for Pakri (30 km) was always lower than in our previous efforts near Harilaid and Letipea. The modelling quality was probably lower due to some islands (e.g. Osmussaar) and shallow banks which constitute the present-day Neugrund meteorite impact structure, as the highly homogeneous offshore windwave fields may be occasionally 'contaminated' by refraction, breaking and other shallow-water effects. In that sense, sub-basins like the eastern Gulf of Finland (Letipea site) and Gulf of Riga (Kõiguste and Matsi) are more promising for the particular model.
Despite somewhat larger distances, the calibrations were slightly more successful at Kõiguste than at Matsi (Fig. 3, Table 1 ), probably because of larger wave heights during the calibration. Although Virtsu forcing also delivered rather good hindcasts, we consider the results of Kihnu forcing more reliable. Namely, it is better if the weather station and the coastal study site have similar exposure and openness. Whereas Kihnu is restricted only from the N-E (the same directions as at Matsi), the Virtsu station is fully open to the north and NE and more or less restricted in all other directions. It means that the calibration procedure has to amplify southerly to westerly winds, and fetch lengths as long as 500 km can be found after calibration (Fig. 2) . This number may seem large but a 500 km long fetch actually produces (also depending on depth and wind speed) only about 20% higher waves than a 100 km long fetch can do. Also, as the average overall wind speed at Virtsu is smaller (4.14 m s -1 versus 5.66 m s -1 at Kihnu in 1966-2011; see also Table 2 ), a correction factor for wind speed should be used as well. Using selectively and strongly elongated or shortened fetches is not necessarily bad. However, it may reduce the prognostic value of a specific calibration in very long hindcasts. Strictly speaking, the calibration is fully valid for the conditions during the calibration but may appear inadequate for older data.
We have also performed some validations of the site-specific calibrated model. For instance, at Letipea (see fig. 3 in Suursaar 2010) the comparison during another (independent) period showed remarkably good agreement between measurements and calculations but the comparison statistics were slightly lower than in the calibration period. We can assume that moving backwards away from the calibration time, the results get gradually worse. Even if the location of a weather station has not changed over the study period, some changes have probably occurred in the vegetation and constructions surrounding the station. Also, the measuring equipment in most of the stations has changed at least twice, in 1976 and 2003 (see also the 'Material and Methods' chapter, and Jaagus & Kull 2011 ). An interesting 'validation' option is presented in Fig. 4 . Ideally, the parallel hindcasts using independent calibrations with Kihnu and Virtsu forcings should yield similar results. Both at Kõiguste and Matsi, the series are reasonably similar from 1976 onwards but Virtsu forcing seems to be inadequate for Matsi in 1966 Matsi in -1976 (Fig. 4) . Some important changes might have taken place. Taking into account the lowering of the wind instruments height at Virtsu (10 m since 1976 and 13 m before) and the missing year of 1984, we can conclude that the results obtained with Kihnu forcing should be more trustworthy.
Spatially different wave climates of 1966-2011
Two examples of wave calculations in 2011 are shown in Fig. 5 . They both include 8760 data points (24 h multiplied by 365 days). The graphs represent significant wave heights S .
H A small number of waves can always be up to 1.6 times higher. Each point on the longterm graphs (Figs 4, 6, 7) represents different summary statistics (e.g. average, standard deviation, 90 percentile, 99 percentile and maximum S )
H calculated from such annual samples. Being differently exposed (Letipea mostly to the N-NE, Matsi to the S-SW), the locations reveal rather different time series. As a rule, both average wave heights and higher percentiles show clear seasonal variations (Soomere & Zaitseva 2007; , confirming that rough seas in the Baltic Sea tend to prevail in autumn and winter and calm conditions are more likely in spring and summer.
Leaving aside Neugrund (which has too short reliable time series; see Table 1 ), we can properly consider four differently exposed coastal sea locations. In addition to the previously mentioned Letipea and Matsi sites, Harilaid has the best openness to the W-NW and Kõiguste to the SE (Fig. 1) . The changes according to formal linear trends (Table 3) were calculated for a 46-year period. However, these estimates are indicative only, as they depend on the choice of initial and terminal points of the time series. Owing to the large interannual variability, only a few of the linear trends calculated from the annual summary statistics of waves were statistically significant (i.e. the regression line slopes were different from zero) on the 0.05 p < level (Table 3 ; Fig. 6F-H ). According to different statistics (Fig. 6) , the wave height showed some quasi-periodic cycles with high stages in 1980-1995 and also probably from about 2007 onwards. The cycles are somewhat shifted with respect to each other in westerly and northerly exposed locations, and basically follow the ones in atmospheric processes ( Fig. 7 ; see also Jaagus & Kull 2011; Keevallik 2011) . The average wave height has likely decreased at all locations. While at the windward (i.e. exposed to the SW, W or NW) Vilsandi and Matsi sites the overall linear trend was just very slightly decreasing in 1966-2011, the trend was significantly decreasing near Letipea and Kõiguste. However, the trends for the annual maxima and higher quantiles (90%, 99%) were increasing near Vilsandi and Matsi but still decreasing near Letipea and Kõiguste (Fig. 6) . The Letipea results were also corrected with ice conditions (Suursaar 2010) , which insignificantly altered the trends. For Neugrund, lying geographically in the midway between Harilaid and 
Kunda, the shorter hindcasts gave mixed results (Suursaar et al. 2011 ). The spatially contrasting results for westerly and northerly-easterly exposed coastal sections are probably related to the changes in atmospheric pressure patterns above North Europe and a poleward shift of cyclone trajectories over the last decades (Pinto et al. 2007; Jaagus et al. 2008 ). According to Lehmann et al. (2011) , the number and pathways of deep cyclones changed considerably in line with an eastward shift of the North Atlantic Oscillation centres of action. There is a seasonal shift of strong wind events from autumn to winter and early spring, while at the same time easterly wind situations decrease. Regarding waves and storm surges, it is important that more cyclones bypass Estonia from the north, creating strong westerly winds along the western coast of Estonia (Suursaar & Sooäär 2007; Suursaar 2010) , however, fewer cyclones cross over Estonia and create strong northerly and easterly winds in their course.
The prevailing overall decrease in mean wave parameters, an increase in high wave events at selected locations and their relationship with wind regimes were already noticed in 2009 -2010 Suursaar 2010; Soomere & Räämet 2011) . Following the calculated trends (Table 3) , mean wind speed has decreased in the studied stations, high winds have either slightly decreased or been more or less level, and the westerly ( ) u component has probably increased at Vilsandi and Kihnu. The resulting flow directions, calculated from hourly wind speed components, not from the wind rose ( Fig. 7E-H) , have turned towards the west in all cases (except Virtsu), which basically coincides with the results by Keevallik (2011) and Kull (2011) . In this study we do not discuss the seasonality in trends but the above-mentioned works and some previous papers (Suursaar & Sooäär 2007; Jaagus et al. 2008; Keevallik 2011; Lehmann et al. 2011 ) pinpoint the crucial role of wintertime changes. It is also interesting that changes in the average of the -component v are small. At the same time it is known that the decrease in wave heights at Letipea appears mainly as a result of a decrease in northerly winds at Kunda (Suursaar 2010) . Indeed, a decomposition of the -component v into northerly and southerly events shows that both magnitudes have decreased, yet retaining their balance. While the fate of southerly winds is quite irrelevant to the waves at Letipea, the actual decrease in northerly winds obviously influences the wave statistics. Roughly the same is valid for other nearshore locations: the tendencies in winds blowing Table 3 . from the directions with longer fetches are far more important than those in winds with short fetches. This is also the main reason for the different behaviour of time series in the four differently exposed locations.
Uncertainties
Quite understandably, the different forcing data, locations and methods occasionally deliver somewhat different results and some disagreements may occur in trend values (e.g. Soomere & Zaitseva 2007; Räämet et al. 2009; Suursaar 2010; Soomere & Räämet 2011) . Additional difficulties in taking into account seasonal ice conditions in the Baltic Sea were reviewed by Tuomi et al. (2011) . In large and complex marine areas, the local wave properties may appear as a mixture of several wave fields and relationships between forcing and outcome may sometimes be obscure (e.g. Weisse & Günther 2007) . However, in the medium-sized semi-enclosed marine areas this is mainly a question of the quality or inherent properties of the wind forcing used. Although somewhat selectively in coastal areas, a wave model still reflects winds. Assuming that wave models are all more or less adequate within their limits, the different results largely reflect differences in wind forcing. We do not discuss here the geostrophic, HIRLAM or MESAN winds that are used in WAM models. The main developments in measured wind series from Estonian coastal meteorological stations include an overall decrease in average values, an increase in the westerly wind velocity component (or an increase in the frequency of SW and W winds), seasonality in trends, an increase in wintertime extreme events at some westerly exposed stations (e.g. Keevallik & Soomere 2009; Suursaar 2010; Jaagus & Kull 2011; Keevallik 2011) .
Being closely related to large-scale variations in atmospheric conditions (Pinto et al. 2007; Lehmann et al. 2011) , including the North Atlantic Oscillation Index, these general patterns both in wave and wind statistics are probably valid. However, the main concern expressed here is: are the time series homogeneous enough throughout 1966-2011? Regarding changes in instrumentation, they probably are more or less homogeneous at least since 1976. Then, the second issue is the potential change in surface roughness and weather station openness. Obviously some changes have inevitably occurred but they are not similar in different locations and their influence is difficult to take into consideration. The changes in obstacles are relatively small at Vilsandi and Kihnu, but may be notable at Virtsu, Pakri and Kunda. Jaagus & Kull (2011) have made an attempt to correct them using the WAsP (stands for Wind Atlas Analysis and Application Program) model in their study of changes in wind directions during 1966-2008. However, some investigations are still needed. Can the once measured data be changed retrospectively? How high is the reliability of older data in the context of long-term changes? Is it possible that the decreasing trend (which is visible in most of the Estonian wind time series) is a result of inhomogeneities in data and should actually be less pronounced? At the same time, the marine wind speed at Utö, Northern Baltic Proper, has probably increased over a similar period (Räämet & Soomere 2010) . However, these long-term data may include some inhomogeneities as well.
CONCLUSIONS
A fetch-based calibration scheme for simple wave models is presented. We calibrated a model for significant wave heights (it could be any version of them) against goodquality wave measurements and calculated the hindcasts as 'extensions of in situ measurements' at differently Fig. 3 ) can rarely be seen in wave modelling. Regarding limitations, this is a simple, first-generation model, which cannot take into account the gradual wave growth and decay or swell formation. The model is therefore applicable in small and medium-sized water bodies. Its results represent the wave climate at the location or neighbourhood with a similar exposition and fetch conditions. However, when a larger number of such hindcasts are obtained and site-dependent change patterns revealed, the whole coastal sea can be covered.
The hindcast results showed some quasi-periodic cycles with high stages in 1980-1995, and probably also from about 2007, the prevailing overall decrease in mean wave properties, an increase in high wave events in selected locations, and their relations with wind regimes. The climate-induced changes in wave conditions, like in sea level, are not necessarily similar within the whole of the Baltic Sea. The spatially contrasting results for westerly and northerly-easterly exposed coastal sections are probably related to the changes in atmospheric pressure patterns above North Europe and a poleward shift of cyclones trajectories. Although ultimately (but still selectively) governed by atmospheric conditions, the developments found in wave hindcasts can help us to pinpoint important shifts also in atmospheric climate. However, the wave modelling results always depend on the quality or specific properties of the routinely measured (or modelled) wind data (e.g. instrument changes, longterm gradual changes in land use), which may lead to inhomogeneities and uncertainties also in long-term wave hindcasts.
